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Abstract 

This paper presents the results of an experimental 
performance characterization study of a high speed, 
permanent magnet motor/generator (M/G) and drive applied 
to a flywheel module. Unlike the conventional electric 
machine the flywheel M/G is not a separated unit; its stator 
and rotor are integrated into a flywheel assembly. The M/G 
rotor is mounted on a flywheel rotor, which is magnetically 
levitated and sealed within a vacuum chamber during the 
operation. Thus, it is not possible to test the M/G using 
direct load measurements with a dynamometer and torque 
transducer. Accordingly, a new in-situ testing method had to 
be developed. The paper describes a new flywheel M/G and 
drive performance evaluation technique, which allows the 
estimation of the losses, efficiency and power quality of the 
flywheel high speed permanent magnet M/G, while working 
in vacuum, over wide frequency and torque ranges. This 
method does not require any hardware modification nor any 
special addition to the test rig. This new measurement 
technique is useful for high-speed applications, when 
applying an external load is technically difficult. 

I. Introduction 

High-speed flywheel system is an energy storage 
technology, under consideration for use in a variety of 
applications. Flywheels offer some important advantages 
over chemical batteries, including higher energy and power 
densities, longer life, deeper depth of discharge and wider 
operating temperature range. The energy conversion from 
electrical to mechanical form (during the charge, or motor, 
mode) and from the mechanical to electrical form (during 
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the discharge, or generator, mode) occurs in a high 
frequency permanent magnet motor/generator (M/G) 
attached to the flywheel rotor. Thus the M/G is a key 
component of the flywheel energy storage system, and the 
effectiveness of the energy conversion process mainly 
depends on the combined efficiency of the M/G and drive. 
The drive includes an inverter, filters and a control system. 
For the last several years, a team at the NASA Glenn 
Research Center (GRC) in Cleveland, Ohio, USA has been 
working on the development of high efficiency flywheel 
energy storage technology for space applications. Figure 1 
shows the main components of one of GRC’s flywheel 
systems, designated as the G2 module. 

The module subsystems include the rotor, magnetic 
bearings, motor/generator, touchdown bearings, and the 
housing. The rotor consists of three main parts: the rim, the 
motor rotor, and the hub. The rim is the main energy storage 
component made of carbon fiber, using a multi-ring press fit 
design. The M/G is a two-pole surface mounted permanent 
magnet synchronous motor, purchased from a commercial 
vender. The rim and motor rotor are mounted on the hub 
which is made of titanium. Magnetic bearings are used for 
the low-loss suspension of the rotor. The M/G is used to 
convert electrical energy into rotational kinetic energy of the 
flywheel rotor during the charge (or motor) mode, and from 
rotational kinetic energy to electrical energy during the 
discharge (or generator) mode. The touchdown bearings are 
designed to capture the rotor in the event of a magnetic 
bearing failure and, also, to support the rotor when the 
active magnetic bearings are turned off. The module housing 
supports the stationary parts of the flywheel system, 
including the motor/generator and magnetic bearing stators, 
the position sensors, and the touchdown bearings. 
Additionally the housing acts as a vacuum chamber, 
allowing the rotor to operate with minimal windage loss. 


NASA/TM— 2007-214428 


1 




Touchdown 

Bearing 


Combination 

Magnetic 

Bearing 


Rim 


Hub 


Housing 


Radial 

Magnetic 

Bearing 


Motor/ 

Generator 


Radial End 
Touchdown 
Bearing 


Figure 1. — NASA GRC G2 Flywheel 
module cross section. 


During normal operation, the G2 flywheel accelerates 
from its minimum speed (20 krpm) to its maximum speed 
(60 krpm) while in the charge (motor) mode, and decelerates 
from the maximum to the minimum speed while operating 
in the discharge (generator) mode. In a satellite application, 
the charging power is provided by a solar array during solar 
insolation. When the satellite is shadowed by the planet, the 
flywheel discharges to provide power to the spacecraft 
systems and payloads (ref. 1). Thus, the efficiency of the 
M/G and drive should ideally be determined over a broad 
range of operating frequency and torque. 

Since the flywheel housing is a sealed vacuum chamber 
and its rotor levitates in a magnetic field during the 
operation, it is not possible to test the flywheel M/G under 
direct load as is typically done using a dynamometer with 
torque and speed transducers. Building a special load test 
fixture inside the vacuum chamber may be possible, but it is 
technically difficult and expensive. However, the knowledge 
of the M/G and inverter efficiencies over broad operating 
frequency and load ranges is essential for the selection and 
improvement of the drive components; therefore, another 
test method was required. This paper presents a relatively 
simple in-situ efficiency estimation method for the M/G and 
drive. The method does not require hardware modification 
or additional test fixtures. The results of the experimental 
performance evaluation of the G2 module are, also, 
presented. 


II. Power and Losses in Flywheel M/G and 
Drive 

The power balance equation of the flywheel M/G in a 
motor mode is: 


P DC ~PmIG +Pinv (1) 

where Pdc the electrical power coming into the inverter 
from the DC link, P M/G is the output power of the inverter 
and P inv represents power losses in the drive. The drive 
losses include the switching losses and conduction losses in 
the inverter and filters. The efficiency of the drive in the 
motor mode can be defined as: 

binv = Pm / g ! Pdc (2) 

The power equation for the M/G in the motor mode can 
be described as 


p m ig - p out +TjP (3) 

where the P out is the mechanical output power of the M/G 
and I Pis the sum of the M/G losses. The ZP losses of the 
flywheel M/G can be divided into two major groups: current 
losses and rotational losses. The current loss is caused by the 
stator winding current and, for a high-speed flywheel M/G, 
it also includes the additional losses caused by the high 
frequency skin- and proximity effects. Unlike the current 
loss in low frequency machines, this current loss cannot be 
determined by using the I 2 R formula (where R is the 
measured stator DC resistance) without a significant error. 
The rotational loss of the flywheel includes the M/G stator 
iron loss, the M/G rotor loss inclusive of eddy current losses 
induced in the permanent magnets and the solid rotor, the 
magnetic bearing losses, and the windage loss caused by 
residual air pressure in the flywheel module (the vacuum 
inside the chamber is not ideal). The efficiency of the M/G 
is: 


dA/ / G - Pout I Pm / G (4) 

and the total efficiency of the flywheel drive is: 

T \tot — frmvdAf/G (^) 

III. Experimental Efficiency Determination 
and Results 

This study was performed on the G2 flywheel module. A 
simplified schematic of the M/G and drive configuration is 
depicted in figure 2. The motor control algorithm uses a 
sensorless field oriented method. The position and speed 
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estimates are made by the signal injection technique in the 
speed range from 0 to 1200 rpm, and by the back EMF 
technique from 1200 to 40000 lpm (ref. 2). The drive control 
was implemented using rapid prototype hardware with a 
Central Processor Unit (CPU) and input and output interface 
boards and a PC based graphical user interface. The analog 
motor control signals from the controller are converted to 
switch states by using a special PWM circuit. This circuit 
includes a comparator, a triangular wave generator and a gate 
driver that sends signals to a commercially available 3 -phase 
inverter driving the flywheel motor. A commercial power 
supply is used as the DC power source for the inverter. 
Feedback signals for the controller include two motor phase 
currents, the DC bus current, and the DC bus voltage. 

A custom high speed synchronous permanent magnet 
motor was built for this flywheel module. The motor 
parameters are given in table 1 . 


TABLE 1. — M/G parameters 


Output power, kW 

3 

Rated Voltage at highest speed rms, V 

80 

Number of poles 

2 

Speed range, krpm 

6-60 

Frequency at highest speed, Hz 

1000 

Type of the rotor 

Surface 

Mounted 

Type of the cooling system 

Water 


The following three types of tests were performed to 
determine the M/G and drive losses: locked rotor tests, no- 


load tests, and constant current tests. Each group of tests was 
performed at different current frequencies. 

A common technique was applied for all three test types. 
The control system described above was used to command 
M/G current RMS values between 2 and 20A, at frequencies 
between 0 and 1000 Flz. During the tests, the instantaneous 
values of DC bus voltages and currents and phase voltages 
and currents as functions of time were captured and recorded 
using an isolated multi-input digital oscilloscope. 

The following analysis was applied to the test data in order 
to determine the DC bus and motor power. The electrical 
power coming into the inverter from the DC link is 

Pdc =V dc -Idc (6) 

where V DC and I DC are the values of DC bus voltage and 
current. 

The instantaneous value of the power coming from the 
inverter to the M/G is 

p M / G = v a ■ i a + v b ■ >b + v c ■ *c (7) 

where v a ,v b ,v c and i a , i b , i c are respectively the 

instantaneous AC values of M/G phase voltages and currents. 

The locked rotor tests were used to determine the M/G 
current loss including the high frequency component due to 
the skin and proximity effects. The tests were conducted for a 
number of stator current fundamental frequency values, 
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Figure 3. — The flywheel M/G current loss 
for different frequencies. 

ranging from 0 to 1000 Hz. For each frequency, the 
measurements were taken by varying the stator current values 
from zero to the rated value. The current loss of the M/G as a 
function of current and frequency is depicted in figure3 

The high-frequency skin- and proximity effects can be 
evaluated using the curves shown in figure 3. These effects 
depend on the particular motor geometry and wire size. For 
the tested M/G, increasing the drive frequency from 200 to 
1000 Hz increases the current loss by approximately 
40 percent. 

The rotational losses of the M/G were determined by 
performing a series of no-load tests. The no-load tests were 
conducted for the same frequency points which were used in 
the locked rotor tests. For each test frequency, the minimum 
value of the current required to maintain speed was found, 
and the test data was recorded. In this condition, the power 
required by the M/G (no-load power) is equal to the sum of 
the current loss and the rotational losses. Therefore, at each 
frequency the rotational losses can be determined by 
subtracting the corresponding current loss (found during the 
locked rotor tests) from the no-load power. The results are 
presented in figure 4. 

It should be mentioned that this test is relatively difficult to 
perform, because the current controller is less accurate at low 
current, and the total harmonic distortion (THD) at low 
current is relatively high. 

Another way to determine the M/G rotational losses is by 
performing a spin-down test. During this test, the flywheel is 
accelerated up to the speed corresponding to the maximum 
test frequency value, and then the M/G is disconnected from 
the power source and the load. As the flywheel decelerates, 
the rotational speed is recorded as a function of time. The 
kinetic energy of the flywheel rotor can be calculated as 

Efl (8) 


Flywheel M/G Rotational Losses 



Frequency, (l-fe) 

Figure 4. — The flywheel M/G rotational 
losses at different frequencies. 


G2 Spin Loss 
090704, <1 mTorr Vacuum 



Figure 5. — The flywheel rotational losses 
measured from the spin down test. 


where J-is the moment of inertia of the flywheel rotor and 
ra-is the angular velocity. The rotational losses can be found 


dEfi 
as — — 
dt 


These measurements were made to confirm the no- 


load tests data. The results are depicted in figure 5. 

For the constant current measurements, a test matrix was 
selected which included frequency measurement points from 
100 to 600 Hz in 100 Hz increments, as well as a 
measurement at 667 Hz, at rms current values from 2 to 20 A 
(rated point). Using this technique, P DC and P M/G were 
determined for all tests, and the inverter and filter losses were 
found using equation (1). Then, the mechanical output power 
of the M/G P out could be determined by subtracting the sum 
of the current loss and rotational loss found in the locked 
rotor and no-load tests from P M /g • The phase voltage, current 
and power waveforms at 667 Hz are plotted in figure 6. The 
power factor for each phase can be determined from the 
electrical angle between voltage and current. The M/G and 
drive efficiency values were determined from the equations 
(2), (4) and (5). Figure 7 shows the results of the efficiency 
estimation as a function of the phase current, and figure 8 
illustrates the M/G, inverter and drive efficiency as a function 
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of drive frequency. It should be noted that the efficiency is 
lower at low speed (frequency) because the output power is 
small in relation to the bearing and windage losses. These 
graphs also demonstrate that beyond 300 Hz, the efficiency 
begins to decrease because of high frequency losses. 

As mentioned above, a field-oriented control algorithm is 
used for the motor control. This algorithm keeps the current 
vector positioned to provide maximum torque to current ratio 
(ref. 2). Therefore, the angle between the stator current vector 
and the rotor pole field (the torque angle) is a constant value. 

The M/G power factor is illustrated in figure 9 as a 
function of the stator current and frequency. Note that the 
power factor is close to unity throughout most of the current 
range at 100 Hz, and that power factor significantly decreases 
with frequency. 

The M/G torque is plotted as a function of the stator 
current and frequency in figure 10. The relationship between 
torque and drive current is linear for this type of control, as 
expected. The current component I d = 0, so that at every point 
I = Iq. From the graph, we see that the slopes of the lines 
(torque constants) are decreasing with the frequency, which 
due to the influence of high frequency losses. 


Phase AVo Rage, Current, PoiAier 



Figure 6. — The M/G phase voltage, current 
and power waveforms at 666.7 Hz. 


M/G Efficiency 



Phase Current, (A) 

— ♦ 100 Hz ■ 300 Hz * 500 Hz 

—O 600 Hz 666 Hz 

Figure 7. — The M/G efficiency as a 
function of a phase current. 


Eftciency of M/G, Inverter and Overall Drive 



Figure 8. — M/G, inverter and drive efficiency 
as a function of frequency. 
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Figure 9. — M/G power factor as a function 
of current and frequency. 


M/G Torque as a Function of Current 



Current, (A) 

. 100 Hz — * — 300 Hz 500 Hz 

— o — 600 Hz 666 Hz 

Figure 10. — The M/G torque as a 
function of current and frequency. 
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The time harmonics spectrum is an important indicator of 
controller performance and inverter output power quality. It 
can be estimated using the Total Harmonic Distortion (THD) 
parameter. In our case, the THD was determined for the first 
12 time harmonics of the phase current using the expression: 




i 2 +r- + * * -7-i 2 , 

. m2 m2 mil > 

THD = J 100% (9) 


where: I ^,1 y .. are the phase current harmonic amplitudes. 

The THD for the M/G at three different frequencies is 
presented in figure 11. The THD at low currents exceeds 
10 percent, but drops to 5 to 7 percent at currents above 7A. 


M/G Total Harm cnic Distortion of the P hase Current 



Figure 1 1 . — The M/G total harmonic 
distortion (THD) of the phase current. 



Figure 12. — NASA GRC G2 flywheel module. 


IV. Conclusions 

This paper describes an in-situ flywheel motor and drive 
efficiency measurement technique, and presents experimental 
results on the NASA Glenn Research Center G2 flywheel 
module. This measurement technique is useful in high speed 
applications where the addition of external loads is difficult. 

Losses, efficiency, and power factor were determined for 
the G2 flywheel. The flywheel M/G winding current losses 
increase with the frequency due to the skin- and proximity- 
effects. The maximum of the motor efficiency was found 
approximately at 300 Hz operating frequency. Bearing losses 
were important at low speed and high frequency losses began 
to be apparent over 300 Hz. 

A power factor study, as a function of load and frequency, 
was performed. The results show that with the field oriented 
control algorithm used to maximize the torque to current 
ratio, the power factor decreases with the increasing of 
operating frequency. 

The M/G torque as a function of the stator current and 
frequency was also studied. The results show that the 
dependency between the torque and the stator current is 
linear, and that the torque constants decrease with increased 
frequency, which might be explained by the influence of high 
frequency losses. 
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